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WC lTj)OIt  tll~ U1laI)ll)i/;uOuS drkctioll of i]ldividually resolved stars ill tl}c  clli])tica]

g a l a x y  NGC  3379, a lu]ni  I)ous IIICIIIIIX’I of tlIc! IKI 1 GJXIUIJ. ‘J’11[’  lwi~llt  {’11(1 o f  tllc

st,dlar  ]ujniaosity  f’unctioll ]Ias a ]ogarit, ]l~[lic.  s]oj)e t]lat, is col)sjst,cl)t, Wit,]l t,]ICWI stals

bciag  l’opu]ation  11 red giants. All al)ru])t discontiiiuity  ill tlIc a.j)~)are~lt  lulninosity

functicm at 1 = 26.294 0.10 IIIag is id~l]tificd  with tlIc tij) c)f t,lIc first- asccllt ml giant,

branch  (“J’lW1]).  Adoptillg  f141 (’1’1{{;11)  = -4 .0  j 0 .1  II]a.g g;ivc!s  a distallcc  Jnodulus o f

30.294 0.14 lnag co:wspo]ldillg  tc] a lillcar clista  Jlcc to N(; C 3379 of 1 I.4 3 ().8 h41x.

‘] ’he ‘1’]i~]l  distance coJnparc’s  very WC]] wit]l  t,lIc (k:j~]icid  dista]icc  of 1 ].6 j ().8 h41)c,

(30.32 3 0.16 mag) to aIIotIIcr  grouj)  IIICIIIbCI M!36 (: N<;(; 3368). ‘1’liis  constitutes tllc.

first  direct  detmrlnillatioJl  of a distallcc  to a giant  clli])tic.al  galaxy  w’llic.tl  call  h used iJl

turli  to cal ibrate tlIc zero ])c)illts  of LIIJW sccoljdary  distaI~cc  clctcJllli\lat,ioli  lnct,]iods:

surfac.c brigllt,I~css  fluctuatiollsl  l~lallctary  IIcl Jula Iulllillosity  fulictjiol]s,  and t}Ic 1),1-0

Jll C?t]l  Od. WC a.])p]y  SCIVCNi]  diffC’I”Cllt  ~])pl”Oa ChCS tO II IC:WUIC) t,]l~ ]] Ubh]C! COJIStaJlt : (] )

a SiIIll)]C Vil’~OCClltriC  illfal]  lllOdC]  , (p) StC~]>])ill F; OUt fl’0111  ] ,(!0 ] t,[) t]l C <k)lll~ C] UStC1’

via Virgo usi]ig  t,hrce difrmmlt smoJ~dary  distalicc  illdic.ators  aIId t]lcir  IICW Kro lmi])ts,

aJld ( 3 )  stcppillg  directly  to {;oIIIa using  t]]e 1),, -  0 rc]atioJ~.  A l l  tcx]IJ~iqucs  give  a

C.OllSiStC1lt  W]UC  O f  ]] Ul)bk COl)StaJlt  O f  ]jO =. ‘/():1  ]] kJll S- ‘ A4pc-’.

Stfbjccf headings: g;alaxics: i nd iv idua l  ,galaxics: clli]~tical ga]axics - galaxies: distal  ]c.cs

j?



1 i n t r o d u c t i o n

‘] ’}]crc  arc smwra] pat])s  t,o a f a r -  fic]d cstil])atio]]  of L]lc ]]ubb]c  COllStaJlt.  IIut Lhcsc

])tit]lS ~K! OftC!ll COIIl])];Cak!d lj~ ~ SC]’;(X O f  iiI’~;ll~lJ]C, bUt IICCCSS21YY,  aSSUIJl])tiOIIS,  W]lC!C CX-

tcrl Ial Cllccks alId c.oln]xwisol]s Cal] bc difficult,, or il]]~)ossil)lc  duc to largely l)oll-ol~clla])])illg,

data sets. 011 tll)c ot,l]cr  l)and, various ]]lcasurcs  of tllc  IIcaI-field dista]lcc scale (Iargc]y  made

wit,llill t,l]c ljocal  (;rouI))  a rc  ill cxccllc]Jt  aglccll)cllt,  llavillg  lmnc{ikd  froIIl  llu]nmwus  rcccIlt

il]tclcc~lll]~arisol]s  of distaJlccs  b tlic IIcamst  g;alaxics. llsillg botli  l’opulatioll  1 and l’ol)ula-

tioll 11 distalicc  dct,crlnillat;on  lnctllods  tl]c  local distlal]cc scale a])~)cam to l]avc coIIvcIp;d

at t]lc + 10-- 20%0 ICVC1 (SCC l“rccdIna II &T, M adore 1993, 1 995; IIuttc]cr , Sa.ssclov  & Scllc!c}ltc]’

] 995). @hc;ds  have ]oJIg bee]) t]lc  corjlcrstollc  of L]lc ]’o])u]atioll  ] route; and 1{.1{ ],yracs

IIavc lnorc  rcccntly prov;dcd  the best l’o]~ulat;oll 11 cC)lllltjcl])c)illt. ]Iut 1{1{  I,yrac  stars ale

il]trillsically fa;lltcr t,lla]l  classical C,c])llcids,  l)lakil~g  tllcir a])])licatioll  to galaxies sip;llificalltly

bcyolid  tl]c  l,ocal  Group ulll;kcly  jl~ the forcsccal~]c future.

1  lowcvcr, tllcrc am l’o])ulaticn]  11  stars Lriglltcr tl)ali tl)c IIorizol]tal  branch  varial}lcs.

IIldccd,  tllc brip;litcst  rcd g;ial]t  bral]c]l  (IWII) stars , idcl)tificcl IJy tllc;r first ap])caral]cc as a

Cliscol}ti]]uity  ill tllc br;p;l]t  clld of tllc lulnillosity  function  of tl)c  fimt-asccllt,  (1’o])ulatiol]  1 1 )

I{G1l ])opulat;oll  }las also bccIJ sl]owl) to bc cxtIc]J)cly  stal~lc in lulllinosity,  while lmil)~;  so]Jlc

40 Lilncs brigl]tcr  tl]all  t,l]c ltli  ],yrac  stars. 1]] tllc  1- lm]~d, this ‘1’ltGl] (“tjlJ-of-tllc-rd-

giallt-brallcll”)  Inctllod  as a dist,ancc  il)dicator  is oIIly sligl]t]y  sc]lsitjvc  to ]nctallicity  (over a

wiclc rallgc  of ages aIId ]nct,al]icitics  a])])licaljlc  to 01[1 g;alaxy  ])ol)ulatiol]s  (see l,cc, Frccxllna]l

and I14adorc 1 993).

‘J’IIc first-  a s c e n t  ICC] g;ia]lt  lJIaIIClI  Inarks  tl]c cmc IIcliu]]]  flasl]

e v o l v e d  aloIIg tlIc  IHI gia])l-  L12111c  II u]) to tulic tip, at wllic]l  ]mi]lt

al.)ru])t]y  tcr]nil}atcs. III 1–  ba]]d,  tllc ‘I’l{(; ]\ rcso]vcs  at A4J N - 4

of low Inass  stars wllic.]1

tllc lul]]illosity  function

l]~ag;. ‘~’l]is discolltilluiiy

IIas l.)cclI  slloWIJ ~0 bc all Cxccllcl)t  d i s t ance  i]]dicator,  si]lc.c  tllIe  Ijolo]]lct]jc  lu]]ji]]mity  of t,l)c



‘I’li Gll wwics o])ly by wO. I ]I)ag for ap;cs ra]lp;i]lg,  fro]t)  2 u]) Lo 15 Gyr ( c f .  llmi &. l{cnzi]li

I 983), mId lnctal]icitics  ili tl)c  ra]ip;c  rc]~rcsm)tcd I)y Galactic globular c]ustcrs  (- 2.1< [l{’c/II]

< --().7). ‘1’]Ic rcd giant bra,l]c.  ]) ]Lllllillosity  fullct,iol]  also ]Ias aIIot,llcr characLcqistic  f ea tu re

that calI bc u s e d  to cormboratm tlIc dctcctioll of  t,llc ‘J’l{(;ll; it IIas a logarithlnic  slo})c o f

0 . 6  dcx/Inag (c,g., (Miz 1990; Sakai,  h4adorc  & 11’IwxlIIIaII  1996). ‘1’llcorctically  prcdictcd

allcl  IIOW cln])irical]y tcst,cd  and coIIfirIIIcd, tlIc ‘l]l{(; ll is all outstalidil]g  distallcc  ind ica to r .

l“L1l’tlIcl.lIlol(:,  it is applicab]c  to all nlorpllolog;ica]  ty])cs of ~;alaxics. ,Sil]cc  tllcy rc])rcscI]t  tllc

CVOIVCXI Coll)]m)lcllt of older gcllcratiolls  of stars i]] p;a]axics, ‘1’1{(111  stars arc llatural]y  found

ill I.)otll  clliptica] g;alaxics al]d s])iral IIalos, as W C]] as ill tlIc ‘(llaa(lC’S  lCClSlICCt”  l)o])ulat,iolls

of irrcgu]ar galaxies.

lt is important  tol]otc  tllcsip;llificaIlc.c  oft,llc 'l'l{C;  lllI](:tli()cl  as a l)lllea])])licatioll  ofa

l)ol)ulation  11 distlancc  indicator. %vc.ral  sccoIIdary  distal~cc  indicators wllicl)  cIIablc  us io

investigate the Clcl)sit.y  al]cl  vcloc,it.y  fields at c.c)sll-)ologically-  significmlt  distances, includins

surfac.c brigllt,l]css  f lue. tuat io]ls ,  ])lallctary IIclJula  lulninosity  fullc,tiol]s and tlIc  1),, - u rcla-

tioll, all stIoIIgly  dc]jcnc]  on t])c old lt/s(I  galaxy })o])ulatiol]s. Sillcc  Cc])hcid  variables arc

not found  ill f(licsc  systclns,  and bccausc  of tlIc lack  of clli])tic.al systems witllill  or even lIcar

tO tllc l,ocal  Group, tllc a b s o l u t e  c.alibratioll  of SIIClI  1’01) 11 lnctllods  IIas citllm IIad (0 rc]y

011 t]lc  distal)ce  to a. sillp;]c  galaxy (c.,q. t]Ic bu]gc  of h(131 ), or (k])]lcic]  (1’op ]) distances to

S})ira] ga]a,xics iIl the Salllc gy’ou])  or c]ustcr. ‘1’lIc  ‘1’1{(;11 IIIctlIod  il]stcad CaII ])rovidc  a dirwl

distallcc  to all clli])tical  galaxy. And i?i ilLis  payer, Ul<: USC ])O])U!CliiOll  11 diskncc  indicators

10 csiimat.c  ilLc va!uc oj 110 co Inylctcly indcp(:ndcnlly  oj Ccy}tcid  1’1, relation.

lJsillg  coln])utcr  silnu]atiolls,  h4adorc  &7, 11’rccdInaII  (] {)95)  ]Iavc illvcstigat,cd  t]lc  distallc,r

out to wllicll tllc ‘1’IWI)  lnctllod  of dist,  al]c,c [I[:t[:llllil]at,i[jll  is a])])lical)lc. ‘1’lIcy  c.oIIclude  tlliat

fl’OJIl  t]ic  gIouIId  U]]CICI o~)tiII1a]  conditions  of sccillg,  dist,allccs  of 2- 3 hlpc, a,lc possib]c

and  tha t  a fidct,or of tcl] furt]lcj’  call l~c ac]iicvcd  wit,]] t]lc  ]],$’1’.  ] )ist, allccs  s]ig]]t]y ill cxccss
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of 1 h4pc.  IIavc already  bccl] measured frcnn tl)c  g r o u n d  Usil]g  tllc ‘J’IK1l  Ul)dcr lnoderatjc

(] .3 NCSCC) SCCilJ~  co]~ditio],s (c.g ., Sakai, h4adorc  & lJrccxlnla.11  1996).  We rc])ort here tllc

first s~mc.e Lwcd application of this method  to an elliptic.a] galaxy, NG~ 3379 ill t}ic  l,CO 1

Grou]).  ‘1’llis  col)stitutcs  the most distant  applicatio~)  of tile ‘1’1{(;11  ]nctl]od  to date, and its

first a~)})licatioll  to a gizuh clli])tical  g;alaxy.

Using data ol)taillcd  wit]) LIIC IIul)b]c  Space ‘J’clcsco]w (lIS’J’), wc prcscIIt  ill tl]c  next

scctioll  obscrvatiolm  a]ld data reduction proccdurcs, fol]owcd  by tllc a]q)licat,ioll  of tlIe  ‘J’IWII

]nctl]od  to tl]c  1-- band  luminosity fuliction for stars ill IJIC l)alo of NG(; 3379. WC co] Iclude

by prcscl]tilg  some ilnplicatio])s  for tl]c  value of IJuhb]c  constallto

2  O b s e r v a t i o n s  a n d  IIata lhduction

‘1’IIc obse rva t ions  o f  NGC 3379 were lnadc ill h4ay 1994 using tl]c  Wide l’icld  a]ld

l’lallctary  {;alllera  2 (W1’’I)c2).  A scqucl~cc of 32 cxlmsurcs  of 900 sw each wmw obt,aincd

using t]]c ]J8]4W fjltc~,  a,nloul]tillg  to a total  illtcgratioll  time of 8 hours.  ‘J’l]c  target ficltl

was cmlm-cd  at a2000.0 = 10’L47”’49S.4  and J2000,0 = 12d34”’57S. 1 wl]icll i s  6 arcmill duc

w e s t  o f  t]]e Iluclcus  of NGC! 3379 (SCC  1’]atC 1). ~1’ol);  YOIJ W]],], W A N ’ ] ’  ‘J’O ]$]],],

IN ‘J’I1lS I’AI{AGI{AI’11 ANII 1)1’;S~l{llllt  ‘1’IIE hJOrl’lVArl’loN  1~01{ ~}100SING  ‘J’]]];

l(’1l’;l  ,1) ‘J’IIK1’ YOIJ  1)11).]

‘J’hc data. qualify files, proviclcd  by tllc IIS’J’ data- ])roccssing  pi])clinc,  al]d vigncitinp;

IIlasks wmc  used to ]nark bad pixc]s  on LIIC ilnagcx. ‘1’0 dca] with tllc problcm  of Ll]e gcolnctric

distor~ion  of t}lc  WII’1’C2 optics, wc used tl]c  pixc] area ma]) ]jrovidcd  by lloltz]nml  to restore

tllc i~ltcgrity  of the flux mcasurcII]eI]ts.  O]lcc  t,hc galaxy  ilnagcs were proccxscd  tllroup;ll  tllcsc

sLc])s, all 32 frames were combillcd  usil)g  ml 11{. AI” routillc ‘(ill-)coll-)l~i]lc”  wit]) Ll]c 3- a clip])illg

ol)tiolj i,c) rclllovc  obvious coslllic  rays.

‘J’l]c stellar ])l]otoInctry  was tllm] carried out, using  tllc ]mckagcs  I) AOI’110’J’ and Al,l,-



S’J’A1{  (Stetson 1987). ‘1’llcsc  ]jrograll]s  u s c  autoII)atic  star fiIIcli I]g algoritllllls  a]id LIICI1

II]casurc  stdlar lna,gy)it,udcs  by fittil~g a. ])oi])t-spread func.tic)l)  (1’ S}~), constructed fro]n  otl)cr

uncrowded ilnagcs (StctsoIl 1 994).  ‘J’hc 1“814W- filter ]}S1” lnagllitudcs  were tral]sforlncxl  to

(;ousills  1 al]d corrcctml to 1- scc Cx])osurc t,ilnc, followilig  tl)c  calil.)rat,ioll  ])rcscri])tiolls  givcll

by Stetson (1 995).  ‘.l’llc trallsforlnatioll  cquatioll  is:

wl)crc  (7 cqua]s --1.872 lnag for WII’2 alicl  --1.913 lnag for W1J4. $$incc wc o])ly have 1- ba]ld

obscrva.tions  o f  N3379,  ]Io color  illforlnat,ioll  o]) tlic  stars i s  avail ab]c.  IIowcvcr,  tllc color

I,crln iu i,l]c caliljration  is very slnallj m)d would a]nou])t  to al)proxilnatc]y  0.04 n]ag  at, ]IIost

(2% in clistancc)  cvcl] for  (V – 1) colors of 2, tl,c color  of a very rcc] gia*)t bra*,cl,.  Wc ,,otc

that tl)e  i)ltcgratcd  color of tl]is galaxy is (V -- 1) = 1.2 II-lag (’1’olIry d aL IWO).

3 ‘1’he l u m i n o s i t y  F u n c t i o n

Usil]g  IIAO1’I1O’J’, wc l]avc found ~13,000  objects on cacli chip.  IU order to cliscrilninatc

IIon-stellar objects, SUC1] as lmckgrou]]cl  .galaxics,  wc usc tllc X2 value wllicl] is O]IC of LIIC

standard fitting  para,mctcrs  rcq)ort,cd  by AJ, ], S’1’Alt,, giving  tllc goodl]css  of fit of ]’S1!’ to tllc

o b j e c t  ])rofilc i tself .  I,ilnitil]g t,llc  datalmsc  to objcc.ts  wit]] X2 < 1.6 (cflcctivcly  sclcctil]g

tl)c  ]nost  likely stellar  candidates), wc rcduccd  tllc  nu]])bcr  of objects dow]l to w] .500 l)cr

chip. ‘1’his  is ratlm a col!scrva.tivc  sclcctio)l  of objects, WC llavc  also cllcckcd  Lrigl}tcst  stars

(1 <27.0  mag)  v i s u a l l y  o,) cacl,  cl)ip to m a k e  sum that  Ll,cy w e r e  not co],talni])at,ccl  by

backgroul  I d gal ax its.

Altlloug])  ~Io color  illforlnatiol]  is availal~]c, tl)c  forln  and SIOIW of tl]c  oljsmved  1- l)aJ~d

lul]lillosity  fullctim]  for star-like objects ill tlic  NGC 3379 fralllcs  ])rcsc])t  c.oIn]mlli]lp;  cvidc]lcc

tl)at wl]at  wc am scci]]g is i]]dccd  tllc f irst-  asccIIt  rcd  gia]]t  braIIclI, ‘J’llc  abl”upt t’ul’11-oll o f

tlIc  lulllil]ositly fu]lctioll  is prima f(lci{l  cvidcllm  tlIat wc l]avc rcso]vcd  l)o])ulatio]l  11 stars. IS



it co]lceivablc  that tlIcsc  could  IN il)tcr]ncdiaic  agc asyln])totic.  g;iallt l.JraI]c.11  (AGII) stars {)]

mm]  a r a r e  IJopulation  of stars not sccll ill any  qual)tity  ill l)ocal  Group  .galaxics?  ltvidcncc

that  i.l~is is noi f.lLc case  is proviclcil by tl]c  additional illforll)ation  available to us abou~ tl]c

slo]m of t]]c ]u]nil)osity  fullctim]  (fidintward  of tl]c  discol)tij)uity)  wllicl)  is fully cxn)sistcllt  wit]]

that of a stm]dard  reel-giant ]mpulatioll. ‘1’0])  ])al)cls ill L’igurc  1  SIIOW l--ba]ld lulninosiiy

function  for Ll]c s tel lar  data f o u n d  0)] all cl)ips. WC l]avc ol]ly i]lcludccl t h o s e  stars wit]].

])llotolnctric  errors ICSS tl)an 0.’20 lnag ill this analysis, ‘J’lIc  ra])id  rise ill tl)c ltu]nlm’s  of stars

at I * 26 lnag SIIOWS  ul]mistakably  tllc ‘1’1{(;1].  l“ollowillg this, tllc,rc is a sl~allowcr but  still

lnollotollic  rise in the c.ou]lts  with a lor;aritll)l~ic  S1O})C of NO.6 dcx/lnag  u]) to 1 w 27.5 lnaf;

at wllicll ~)oi]]t il]colnl>lctcllcss  duc to ])}loto]l  s t a t i s t i c s  Lakes  over  and Lmncatcs tllc data.

‘J’}]c logarit]lmic  slo})c  of 0,6 is col]sistkmi, with that  for a l)opu]atioll  11 I{G}] stars ill tllc

l,h4~  (Ortiz 1990);  ant]  also lJolds  for tl]c  I{,GI1  ]m])ulatio~)  i~l Scxtalls A (Sakai, hladorc &,

l“rccdlnan  1996).

It is notcwortl]y  t}lat  briglltward  of t})e ‘J’I{,GII ill tl)c  NG(; 3379  IIalo star l)o])ulatiojl,

thmc is scant cvidcncc  for a]) a])lncciablc  AGII ])o])ulat,iol]. III the interval two II]agllitudcs

brigl]twarcl  of tllc tip wc filId olI]y 70 sta,ls.  ]11 a ])ractica]  SCIISC L]lis f ea tu re  (or Iat]ler t]lc

lack tllcrcof)  ])roviclcs for a very clca]]  dcfil)itiol)  of {lJC ti]) lnagllitucle, but also ])uts  ve ry

liard lilnits  01) tllc colktribution  of ally iIjtcll]lccliat(\-ag;(: j)o])ulatiol].

4  ‘J’hc ‘J’RGI1  Distzmce

Fro]n  previous work (SCC I,cc, l+ccd]na]l &r h4adom  1 9 9 3 ;  h4adorc  & WXXlIIIaII 1995

and rcfcwenccs  the re in ) ,  wc cx])cc.t  to Clctc,c,t stars acllicvil~g LI)C }mak lulnil~osity  a long  LI)C

f i r s t -  ascmlt rcd  gialit Lral]cll at al) zilmolutc 1- Im]ld II)agliitudc  o f  - 4 . 0  l]lag. It }las bccl)

dmnonstrai,cd  clnpirically,  a]ld tl]crc is a t})corctical  b a s i s  for  cx])cctillg  that i]) tllc s]mcific

wavclcl)gt}l  ra]lgc  cldiIIccl )y tllc 1- band filter (w8000  A), tl]c  absolute II)agllitudc of tlic

?



‘1’I{GI1 is least scllsit,ivc to a~;c and II)ctallicitly. l{csidua]  Inctal]icity  cfk:cts  on tllc  a b s o l u t e

Jnagnitudc  have lmc]] calihratcd  (I,cc, ll’rccd  II~a II & h4adom  1993), lnaking  tlIc  1-- band IIlap,-

~litudc  of t,lw ‘1’IWII  a stable al)d luminous  l)ol)ulaticn)  11 cxtraga]actic  distance indicator.

Wc usc both kcrl~cl-  s]nootltcd  lillcar lul]linosity  distril~utio~) and the logaritl]~nic  lumi-

~)osity funciiol]  to dctcrminc  tllc lulninosity  of tlic  ‘J’I{GI1.  Wl)c]l tlIc  ado]jtcd cdg;e dctcctio]l

filter is a.pplicd  to a distribution] IIavil)g a suddm]  discontinuity on the bright  side lcadillg  to a

c.o]lstallt-  slope distribution ON t,llc  faint side (SUC}] as tl]c  OIIC soug})t, here), t}Ic filtmr output

will Snow a sig;nificallt positive rcs])oIIsc  at tllc  discontinuity  fol]owcd  by a plat,cau  at tllc  ncw

S1O}}C  (SCC  l“igurc  1 in hjadorc  &  lbccdlnan  1996). 111 Sakai, h4aclorc & l’rccdtnan  ( 1  996),

w c  illtroduc,cd  a kcrl~cl-  s]nootl]cd  ]Ulnil)mity  ful]ction  (but  l]ot log;aritl]mic)  f i l t e red  by a

lnodificd  SOIJCI kcrnc];  }Icrc, wc apply t,l]c identical cdg;c dctcctioll  filter to the logaritlllnic

lumillosiiy  distribution as wcl] to dctcrlni]lc  tllc magylitudc  of the ‘1’lUGII. ‘1’lIc logs.rithlnic

lulllinosity  function is prcfcrrcd  bccausc  of its characteristic s]opc  of 0.6 lnag/dcx  for tlw

IKlll ]m])ulatioll  wllicll slioulcl  bc ]norc  easily dctcctcd  by tl)c  edge-detect ion f i l ter .  in acl-

ditiol],  wc apply a wcig]]ting  scllclnc  to the filtered rCSl)OIISC ful)ction. ‘1’llc edge clctc.c.tiol]

filter essentially measures tl~c slo])c, al]d thus it is cxtrcIncly scllsitivc  to l)oisc; ally suddc]i

cl]a]lgc ill signal  is alnplifjcd  by tl)c  fi]tcring sclicInc. If tl]c  luminosity function  is cxprcsscd

by q)(l), tllc rcspo]]sc  ful]ction  at 1 is derived via 1;(1)  : log Q)(I -{ 0) - log q)(l  --0 ) wl)crc  a

is a typical error for stars of lnagl~itude  1 (SCC  A])])cl)dix of Sakai, htadorc  & ]~rccdlnall  1 {)96

for dcta.i]s).  ]tac]] l;(l) is wci?;htcd  by a square root of ]og q)(l).  ‘J’IIc weighting scllc]]lc I~Jas

used i]] order to sul)prcss  t]losc  statistically- jllsjgjlificallt  JCS1mI]SCS  duc to IIoisy da,t,a.  III t]lc

hottoln  ])ancls  of 11’igurc 1, t,llc  c.orrcsl)ol~dil~g ICS])OI]SC  ful]ctiol]s  froln  tl)c  edge dctcctioll  fil-

tering  arc  ]jlottcd.  IIls])cctil]g  hot]) rc.s])olisc  fullctiolis,  WC rc])ort all ullal)ll~ig;{lous  dctcctioli

of tllc ‘J’I{GII at 1 =- 26.31 4 0.10 lnag. ‘J’l)c juln]) i]) lull)illosity  fullc.tioll at this magnitude

followed by tlIc 0.6 lnag;/dcx  SIO])C fi~i]ltward of tl]c  til) ill tl]c  to]) rig]lt  ])aIIcl IIcI])s ill furtlicr

colifirll]illg  tl)c  detection of tJIc rcd  giant, l)raIIcl I lm])llla.tioll. ‘1’lIc W71’4 field is least coIlta]n  -

8



iIIatA by background gdaxics  al~d its stellar l)ol)u]atiou  is t}Ic clolninani  source of sigl]al ill

tlw colnbilmd  Icsponsc  function.

IIowcwcr,  IIotc also that tllcrc is a substantial sigua] at 1 = 25.9 ]nag ill tile ]og;aritlllnic

rc])rcscnt,ation  of tl~c data. ~ould this bc tllc ‘JII{GIJ? ‘J’llis  a,]qwars  ulllikcly I)cca,usc, a s

SIIOWI] Lclow,  this ]mak is ]]ot a robust  feature. WC studied tl]c  rcliabi]ity  of each  signal by

calculatil]g  the  e r ro r  in cacl] bill in tllc YCS])OIISC  ful)ctioll  histograln.  If the it]] lnagl]itudc

bill IIas Ni counts ,  i ts  l’oissoll error  is  s imply <~-1, ]“or cac.h lulnillosity  function  bill,  wc

l~crturlmd  its IIUIIIbCr randolnly  following a. Gaussia]l  distribution]) W}IOSC clispcmiol] was set

to {Ni. 1~’or e a c h  iteration  o f  ra])doln]y  dis])laccd  lulllillosity  ful)ction,  wc m a})plicc]  tllc

c:dgc dctcct,ioll  f i l ter  and ]ncasurml  tllc rcsl)onsc fullctioll. An average rcspoIIsc  h istograln

of all 500 iterations is plotted in l’igure  2. ‘J’lJc 1 u errors for each  bin  arc I)OW s]lown.  It is

clear that all tl]c  ‘sigl)als’ Lc:low 1 = 26.o lnag arc vmy  likely clue to lloisc,  whi]c  tltc ‘J’I{,GI]

signal  rc]nains  stable.

‘J’akillg  into  accoul)t tl]c  Galactic cxtil)ction  correction alcn]g tl]c  lillc  c)f sight to NG~ 3379,

w]lich amoullts  to only 0.02 lnag (Ilurstcill  &z IIcilcs  1978) ill the )---l> ancl, wc aclopt  10 =- 26.29

IIla.g  for  I,l]c ‘J’I{G13.  It is a,ssulncd  that tl~c illtcri]al  rc!c]dcnillg  ill NG~ 3379 is Ilcp;]igib]c  as t]lc

ta.rgct  field is })lacccl 6 arclnill away from tllc ]IUC]CUS,  ant] wc apply 110 corrcctjoj] ]ICIC. ‘j’lIc

‘1’]{,~~]1 distal)c(: IIIOCIU]US  is clcrivcd via a rclatioll  (m – i14 )7,~{Gl; = 17’}{C;};  -i 1~~~ – i14boJ,711tc;1j

wlicrc 11~1 is Ll]c bololnctric  cc)rrcctio]l to tllc 1 lnagllituc]c  a]]cl  Mbol,7,}~cJ}l  is tile bololnctric

II]ag])itudc  of LIIC ‘1’lWI1  stars (Imc cl al. J 993). l~L’l al]cl A4b01,7,1~c;Il arc cx])rcsscd  in tcrlns  of

lnctal]icity  al]c] color: IJcl =. 0.881- 0.243(V  - 1 )l~~GB al)d MbOl,T,~~~;ll  =- - o.19[Fc/]1]-  3.81.

Wc lnust thcm address w}]at  tl)c  lnctal]icity  of tlic  ‘lll{(;ll  IJa]o stars is for NG{;  3379. ‘J’I]c

illtcgratccl  color  of  this  galaxy  is rcl)ortcd  to bc (V - 1) =- 1.2 (’1’o])ry ct. al. 1  990);  I jut

unfort ul] atcl y, 1}0 })uLI isllccl  grou]lcl-.  ba,scd surface 1 )I]otol I]ct,ry Iw-ichcs clccp c]lcmg] I tc) clctm-

II]illc  tllc surface brigl)tncss  at tl)c  ])ositioll of tllc W1’’I)C2  fic]d,  G arcmil)  froln  tl]c  nuc leus .



1  lowcvcr by C.xtra]mlating  tlic surfidcc  ])lloto]nd,ry  d a t a  givcu  ill Goudfrooji  ct al. (1  994)

froln  9 =. 2 arclnill to 6 arclnill,  w c  calculat,c  (Ii - 1) = 1.9 4 0 . 1  ]nag.  Suhstitutillg  this

va]uc  iIJto a rclatiol] [l’e/}]] = 2.67(}1 - )) -  5.73 derived frolll  co~lturc ct al. ( 1 9 9 0 ) ,  \ItC

obtain  [1’c/11]  =- —0.66 + 0.27. ‘J’l]is  is o]lly ]l]argi]]ally  outside tlIc solid calil~rat,iol]  of tllc

‘1’lW1l.  ‘1’l)c original  cal ibrat ion of tllc ‘l’J{G}]  lnctfl)od  Ly I,CC ci al. (1 9 9 3 )  a])p]ics  strictly

o])ly to the lnctallicity  range of -2.2< [l’’c/)l  J < - 0,7 dcx.

Givcll  t}lc understanding tliat tllc ]nct,allicity  of NGC 3379 halo is sligl]tly  outsiclc  tl)c

Galactic glohu]ar  Cluster lnctallicity  calilxatio]l  rallgc,  wc I)JOCCCCI to clctcrminc  tl)c  absoluic

II)agllitudc  o f  tl)c  ‘I’l WII f o r  NG~,  337{] followil)g  I,CC d al. (1993). WC obtaiJl Al, =-

-4.04. 0.1 lnag. ‘J’]Ius,  the ‘1’IW1] distallcc  ]tiodu]us  for NGC 3379 is 30.29 4 0.14 lnag.

‘]’his corrcspo~lds  to a ]incar  dista]lcc of 11.4 4 0.8 hflpc.

5  C o m p a r i s o n  w i t h  P r e v i o u s l y -  ]Jublishc.d  ])istanc.cs

Witl)ill the last 6 years, tl]rcc ]]CW and rclativc]y  illdc]mlldcllt  <lctcll]~il)a.tiol~s  of tltc

distal]cc  to NG~ 3379 IIavc bee]] ])ul.)lisl)cd.  ~iardul]o  ci al, (1 989) IIavc used tllc ])laIlctary

IIcbula lumiJ)osity ful)ctioJ1  mctl)od to csti]]latc a distallcc of’  10.0 h4]}c (~/0 = 3 0 . 0 1  Inap;).

‘J’oIIry ci al. (1990) have cstilnatcxl  tl]c  dist,a]lcc to N(i(; 3379 using  tl]c  surface Lrip;l)t]icss

fluct,uat,ioli (S111+’)  lnctllod,  and tllcy  derive 9.4 h4])c (1/0 = 29.87 ]nag).  Fil}ally,  l’al IIT slid

h40uld  (1 995) have a]so used t]lc  S}11’ ]nctllod,  but al)])lyilig  it ill tl)c IICaY i]) frarcd K- Land

rat]lcr t])all ill t]lc  o p t i c a l ;  t h e y  obtain  a dista]lcc of 1 J.1 h4pc (~/0 v 3 0 . 2 2  lnag). ‘J’llc

i])tmmal agrcmncl)t  of I,llcsc results and Lllcir illtclc.ol)l])alisoll  wit]) tllc “J’l{GII dctcrlni]latiol]

])rcscultcd  lICIC arc very cnlcouragi]  lg. All of tllcsc l)rcvious  dctcr]l]illations  rely o]] a mm ]Joilit

cali})ratio])  Lascd  m] the ccl)llcid  (lct(:lllliilatio~l  to h431 , (a]id, i~~ soll)c  c,ascs,  tl]c col)]l)alliolls

to h431).
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6 ‘J’l]e ],CO ]  G~OU]J

‘]’]Ic ],CO  1 Group  (= h496 (Jroup  = ~12 acxxHc]iIIg  to dc \/aucou]curs 1975),  coIIsists of

five dolnillant  galaxies: NG~ 3368 [MfKi; SAll(rs)al~], NG~ 3351 [h495;  Sl\(r)b],  NG~ 3384

[S11(s)0],  NG(3 3377 [1;5/6] a],cl  NGC 3379 itself [h4105; 1;11. ‘J’wo of its spiral IIICIIIIKIX

NG~ 3368 and NGC 3351 ]lave bccJI L]]c focus of initiatives to lncasum t]lcir clistallccs  using

Ckpllcids  cliscovcrcd  by llSrJ’ (’1’anvir ci al. 1995; Grallaln  ct a l .  1 9 9 6 )  rcspcctivc]y.  A t

this ti]nc,  o]ily tllc cla.ta  for NG~ 3 3 6 8  (=.= M96)  l)avc Ivx]] ])ublisllcd  and tllcy g;ivc a true

distallcc  lnodulus  of  30.32 g. 0 ,16 lnag wllicll corrcs]mlds  to a li])car  distmicc  of  11.6 :4

0 .8  h4])c. ‘J’l)c  rmnarkal~lc  agreclncllt of tlIc Gphcid clistancc to N(; (; 3368 and tllc ‘J’l{Gl~

distallcc  to NGc 3 3 7 9  p r o v i d e  a.ddit,io]lal  cvidcllcc t}]at t]lc  two il)dc])cl)dcnt  )nct]iods  am

equally accurate al]d prccisc. Altcrna.tivc]y,  OI]C call take LI]C s])iral/elliptical ag;rcclrlcmt  as

stroI]g  Supl>ort for  t]IC compact IIat,urc of t]IC h490/1  ,CO Grou])  a]ld LIIC J)llysical a s s o c i a t i o n

of the spiral and clliptica] componcllts.

‘ 7  The II LII)?.)lC?  constant

A search of tl]c  Nl~;l) database rcvca]s  15 galaxies wit,l)in a radius of 5 dcgrccs of h496 al)d

IIaving  publisl]cd  radial velocities ICSS  tl]an  1,200 kln s-]. ‘J’l]cir mean velocity ill tllc rcfcrmlcc

fralnc of t}lc  l,ocaj  Group  (corrcctcd using l~l,c: =. l~}lC1-I 300 sill  1 cos b) is -{ 842 km s- ‘ . Witl]i~)

t]]c group  t,llosc 15 galaxic!s l)avc a vc]ocity  dis])crsioll  of 3178  k]n s- ] , giving  all uncmtainty

011 LIIC lncan rcds])ift  of +46 kln s- ]. Without rc?;ard for ally additio]lal  corrcc.tioll  terms for

f l o w  vclocitim  at LIIC distallcc  of tl)c  h496- I,CO (Jrou]),  tllc silnl)lc  vclocit]~- distmlcc  ratio is

753  4 kln S-  ‘ h4pc-’.
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‘7.1

St,ill

Virgocmntric  lnfdl  Nlodcl

WC! n o w  proud to cvaluat,c  the local cx}m]lsio]l  rate usi]lg tl)c Jnmt clircd (altl)ougl)

o v e r l y  simplifid)  al)])roacl]  in wl)icll  tllc  sl)lootll, ulllm’turld  cx~)ansioll velocity of

NGC 3379 is dctcnnillcd  by collsidcril]g  a sili~;lc!  ]mturlmtioll  flow Inodd  involving  only tllc

Virgo duster. U s i n g  silnp]c gcmndry  (1’’igurc 3), tllc \~irgocclltric.  infall  of the IJco 1 groul)

can bc csl,imatccl  by scaling the alnp]itudc  of L]IC l,ocal  (; I$OLI])  ilifall vc]ocity i]ito  the \~ir.go

c]ustcr.  l“or instance,  Mou]cl  d al. 1995 quote 331 4 41 li]n s- 1 fo r  tllc IJocal  (;rou}) infa]l

veloci ty toward Virgo.  WC ado])t  that va]uc  Ilcrc slid  take the distallcc!  to tlic Virg;o cluster

f r o m  tllc l,ocal  Grou])  to bc 16.1 S 3 . 2  hlpc (11’crrarcsc  c1 al. 199(;); tllc!  l a r g e  unccrta.il]ty

X’cflccts  t’hc Conlplcx  F;COlllCtl’y  of tll(!  Virgo  C.lustc!l’. l]y siln])]c trigonollmtry,  and using linear

})crturhation  t,hcory  wit]] all assunlptio]]  that the dm]sity  profile of tllc Virgo duster varies

as 7’ - 2 , wc find tl]at tllc il]fall vdocity  of I,CO 1 (Jroul)  towards Virgo is 707 4: 88 km s- ].

A  rough  ske tch  o f  tllc v e l o c i t y  ficlcl is SIIOW]I  ill i,l]c right  l)anc] of Figyrc 3. ‘1’lic radial

coIIIponcI)t  of I,CO’S infal] a l o n g  tl)c  lillc of sight  fro]n  tl]c  l,ocal  Group  to I,CO 1 is + 326

:{. 37 km S-” ]. i n  add i t i on  to this, tllcrc is of ncccssity  a co]n})onc])t of the 1 ,oca] Grou])

infdl into Virgo ]wojcctcd  along the ]inc of sight to lxx). in this installcc  the colnpollcnl.  is

-301 +37 km S-l. Wc note in Imssing  that these two tcmns  arc almost qua] in magl]itudc

but  oppos i t e  i n  sign,  tl]crcforc  l a rge ly  cancclil]~;  cacll oihcr  in the final  clctcnnination  of

tllc pure expansion velocity of IJco. }{,c]I]OVjlIF;  t]lc il]fall Com])ollcnts  froln tllc Obscl’v(!d

rcccssion  veloci ty,  the unperturbed cxpal]sioll  vclociiy of tllc IJco 1 Groul) in this moclc]  is

tllc]] +-842 --326 -I 301 = -1817370 km S-]. ‘1’llc IIubb]c  c.ol]stant  derived clircct]y  froln  the

vcloc.ity field at tllc 11.2 hlpc clistallcc  of tl)c  l,CO 1 Grou])  is tl)crcforc 733 8 klii s- ] h~})c- ].

‘J’hc error on tllc va]uc  of tllc 11 Uljblc  consta]lt  quotcc] ilnmcdiatc]  y above only  accol  o-

modatm  the colnbillcd  ullccrtaintics  in distal]cc arid velocity to first order; there arc in fact

couplings of  tllc mom tl]rougll  tllc scalil]p;  rclat,iolls  al~d ])rojcctioll  factors. 1 lccausc of t] lc
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lloll-lillcaritics  of these coup]illg  tcrn]s  we dccidcd  to qua]ltify  tllc crmrs lnorc  rigorously by

subjccti])g  t}lc  full set of cxluatiol]s  to a ]mturbatiol)  atlalysis. l~y simultmcous]y  allow-

illg t}lc distmlccs , mean velocities and the flow correction to illclcpcndclltly  scatter by tllcir

quoted cmors, 1,000 illclcpmdcnt  calculations of 110 were lnaclc. ‘1’his  al)alysis  gives a IIubb]c

COJIStallt  of 79 ~: ]4 km s- ] Mpc-l. Alt}loug]l tllc  errors were random]y a])])lied as Gaussialls

wit]] zero )ncan the derived value of tl)c  IIubblc cotwtant  is larger (by  6 km s- 1 h4pc-*)  than

tllc ]mwious  calculation)  because of a skew (1 .7) in tllc IIistogram of IIubble  constants  (SCC

Fig *) illtroduccd  by the non-linear coupling  of projcctiol]  factors. l)ctcrmining  tl]c  median

value of tlic IIubblc  constant  and deriving errors froln  t,l~c llistogra~n  of simulations wc finally

derive tllc followillg:  llO(l.co)  ❑ - 76[-{ 9, -- 6J.~0 [+13, - 9].M [+ 42, – 15].9s, wllcrc tllc quoted

e r r o r s  a r c  50, 68 a~rd 98’%0  collfidcncc  intcrvds,  cac]l rcflcctilg tllc s k e w  in t}lc ]~robabi]ity

disiributioll  ful]ctioll.

‘1’his  same ]nodcl, obviously, yields  an estimate of tltc IIubblc  co)]stal]t, clircctly  through

V i r g o ;  that value is 110 = 87 ~ 20 km S-l  M])c- 1. Altl~ougl~ this value is col]sistcnt,,  to

wit]lin  tl]c  cluotcd  errors, w i t h  t h e  I,co Grou]J solutiol) , we call go OIIC step furtllcr a n d

dcnnalld  that tl)c  two values agree exactly by solvil)~ for I,I]c 1,ocal (;JOU]I infal]  vc]ocity  that

providcx  equali ty.  ILct,urning  to tllc error pro]) agation  prog]aln,  but t}lis ti]nc a]]owillg  t he

Virgoccntric  infall  to bc a free paralnctcr wc filial that  tllc 11 ubb]c co~]stant  dctcrinincd  at

Virgo  and I,CO can  k lmougl)t il]to coincidcl]cc  ( 1 10  = 76 kln  s- ] hfl])c-  1 ) for a l,ocal  Groul)

il)fall velocity of only  i 135 kln  s- 1.

‘1’]Ic forcgoiT1g  calculations all assulnc  t]lat t]lcrc arc ]10 addit,iona]  ~)crtulbatiol]s  to t]]c

],oca] flOW ]IIOdCl outside oftl]c Virgo  infi~ll,  al)d t]]at tlICIKI arc 110 tral)svclsc pccu]iar  Inotjolis

o f  citl]cr tllc l,co  or the IJocal Grou]). h40villp;  to larger lcdsliift-(listal] ccs would alleviate

t]]c cflccts o f  additio]lal  ra.l~doln  lnotiol]s  w])icll arc Itot easily ]ncasurcd  i])dc])c]ldm)tly.  WC

can IIOW ])rocccd  to cstilnate  tl)c  IIubb]c  constant  usil]g scvcra]  difl’crcllt apl)roacltm to cany
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U S  into t}If2  fa,r-flc]d  ]] ubb]c  flow. ]“ilst,  wc c,alibratc il]dcpclldcl]t,]y,  t,]lc s u r f a c e  Lr;gl)iljcss

fluctuation] (S1)1”) ]nct,hocl, planctmy  ncbu]a  lulnillosiiy  ful]ctio~)  (1’NI,l~’) and t,l]c]] tl)e  1),, - u

r(!latiolls.  l“il)ally, wc usc our ]lcw distallc,c  to tl)c  l,co  1 grou])  to sky out  to tllc Virg;o aIId

Collla Clustc]’s.

7.2 C a l i b r a t i o n  o f  S e c o n d a r y  l)istaum  lnclicators

?’.2. 1 Surjacc  IJrighi.ncss  Mfciualions

‘J’llis Inctl]ocl is prilnarily  a.])pliccl to gial]t  clli])tical  ga lax ies . It basically IIlcasurcs  tlic

Scc.ol)d  mo]nc]ll-  of t,hc lulni]losity  fullctioll,  W]licll is a ca]ibratccl  function  of t,llc (V - 1) color

(’1’m,ry 1991, Jacoby  d al. 1992). A]~],lication  of tl,c S111’ ~,lctllocl  to ,,carby clusters shows

t}]at it }Ias a s]na]l  intrinsic  clisl)crsioll of 3 0.08 to 40.15 ]nag ill tl]c  1- bancl (’J’oJIry  1991) .

IIowcvcr,  the major  shortcoming of the S111” lnctl)od  is that tlIcrc is only om l,oca]  c.aljbratol,

the hf31 bulge. llcccn]t  discovery of  ~cl)hcid  variab]cs  in h4Sl (11’rccdmaTl  ci. al. 1994), has

suljplclllcl]tcd  tllc sallll)lc  of c a l i b r a t o r s ,  but agajll, it is tl)c Lu]gc  of h481  that is a])]) lid ill

the S}llp  calibration. IL is uliccrtai]]  at ])rcscnt  wllctl)cr a systclliatic  difrcrcncc mists bctwccli

tl]is  calibrator  a]ld the target galaxies wl]ich arc ]JJostly g;imlt  cllil)tical  g;alaxics. ‘1’lIc ‘J’I{,GI1

distance to NG(3  3379 ])rcscl)ts  tlic  first  stc!~) towards rcsolvil)g  this problcm, by sigllifica])tly

increasing tllc Ilunlllcr of calibrators and providil]g  a first direct distance to a calil~ratillg

giant c]liptical  galaxy.

‘J’llc n]cml fluctuation lnag]lituclc  is cxprcsscx]  1.2y

if, : c -1 3(V’ - l){)~,s (2)

wl)crc  ~ is tllc zero ])oint,  for wljicl]  ‘1’oliry (1991 ) derives (; =- - 4.84 IIIag. ‘I’l Ic distance

lnodulus is tlICII wrjttcl) as:

(m - M)q]]r  ~ ~,,1)< - (~ - 3 ( V  -  l),,])s -1  0.80AB,,. (3)
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llcrc, wc rcdcrivc t}lc zero point  of tl]c  S111”  mct]]od  usil)g  tl]c  I)CW d i rec t  d i s t ance  to

NG~ 3379. Wc assume that tl)c  distance to h431  is 770 k])c whit}) coIsrcs])oIIds  to tlIc distal]c.c

II1OC]U]US of 24.43 ]na~ (] ’’rccdma]]  & Ma.dorc  ] 990). All t]lC llCCC.SS~l’y data WCrC takc]l  frmr]

‘J’able 2 i]] ~ia.rdul]o, Jacol)y & ‘1’o])ry  (1 993: ~J’J’). ‘1’hc zero point dctcrmillcd  by using

o]Ily NG~ 3379 is --5.26 msg. If wc usc all tllrcc g;alaxics - h43] , M81 a]ld NGC 3379 wc

obtain --5.05 msg. Wc will discuss tl]c  ilnl)licatiolls  of tl]csc  zero l)oilits  later ill this sect,  io~).

Wc now continue with tllc calibration of allothcr scco]ldary  dista]]cc inclicator,  tlic planctmy

llclmla  lulni]losity  function.

7.2.2 l%zncio.ry  Nebula l,uminosiiy  Funciion

‘1’lIc [0111] J5007  lumi]losity  function  of Pdil)t plalictary  llcbu]ac follows an cx])oncntia]

l a w ,  but at tllc bright  clld, tl]c  fullctiol]  apparcllt]y  SIIOWS  a sharp turllovcr.  ‘J’l)c  a b s o l u t e

lnagllituclc  of this truncation  point  has bcc]l shown to bc il~scllsitivc  to the a.gc ancl lnctal]icity

of tlic ])arcl)t  stellar population, ‘1’lIus, tllc I’NI,I” n]cthod  is  tccllnica]ly  ap])licab]c  t o  all

lnorpllologica]  ty])cs  of galaxies. ]Iowcvcr, tl)c  a])])  lication of tl]is  mct]]od IIas so fi~r bccII

rcstriciccl to clli])tical  galaxies si]]cc  for late ty])c s])irals  aIId irrcgu]ar galaxies,  tllc total

nu]nbcr  of 1111 regions far cxcccds that of Lrig;llt  pla]letary  llcbulac,  lnakil]g it difficult to

dis t inguish the two, at least with tllc ground- ba.scd obsmwatiolls.  Again,  o]ic of tl)c IIlajor

sources of u]lccrtainty  in the 1’NI,I” lnctl)od is its abso]utc  calibration]); it rc]ics  solely o]] the

})la,lictary l~cbulac  observat ions ill tllc hfi31 bu]g;c.

‘1’he distmicc  lnoclulus  dctcr~nincd by tl~c I’NI,l°  I]~ctlIocl is cxl)rcsscd  by:

(m - A~)])N],](I  =  (m* - Al”) - 0.85AB (4;1

WI]CIW  nt” and M* a r c  o b s e r v e d  and  abso]utc  turl]ofl  m a g n i t u d e  rcs]mctivc]y.  Agai]l,  wc

ado])t  tlIc  h431 distallcc of 770 kl~c. (;iardullo  (t al. (1 989) obtaillcd  m* = 20 .17  lna.g fol
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tl)c  h431 bulge.  Substituti]Ig  tl)is valL]c into  cquatioll  ( 4 ) ,  wc g;ct A4* =  - 4 . 5 2 .  lJsiIlg o])ly

tlIc NG~ 3379 data, wc obtail]  Af* =- - 4.81. Note that  tllcrc arc Inorc calibration galaxies

ava i l ab le  now as more @jl]cid  distal)ccs  arc Incasurcd.  1 lowevcr, cxcrcisc ]Jrcsc]Itcd  IIC] e

ap])licx only tl)csc  galaxies pul)lisllcd  to date.

W c  ]Iow discuss tl)c  ill)plicatiol]s  of tllcsc  ]]cwly cle.rived  zero ])oillts  of 1’Nl,lI’  al)cl Sl~lJ

mctllods.

7 . 2 . 3  (?omyarison  OJ 5’11)’  and 1’NI,l° IXsianccs

~J’J’ rcvicwcd t,l]c rcsu]ts  o f  tl]c  t w o  ]nctl]ods  and  al,alyzcd tlic cxtcrna] a~ld il]tcrna]

C!rrol’s. ‘J’l)cy  found that the I’NI,I{’ distances were systm]lat,ically  Iargcr tllall  tllc SllI~ dis-

tancm by 0.13 q: 0.05 mag, but tlIcy  col)cludcd  tl~at this oflsct  was fully consistcl)t  wit]) tllc

ullccrtailjticxi  ill Lllc caliljratlioll.

W(! have rc-talc.ulatcd LIIC SIIP allcl  1’NJ,I”  distance ]I)odu]i for c]cvcn  galaxies i]) t]ic

IJco I group,  Virgo and l{’orllax  cluskm and four I]oll-cluster galaxi(!s, wI] i cl] were taken fro~ n

‘J’able 3 of (3 J’J’. l“irst, wc calculated tllc two distallcc  lnodu]i  using tllc Inca]] zero  point

of tlircc calibrators,  M31,  h(181 a]]d NG~ 3379 . ‘1’l)cul  tllc distances were dctcrl]lil]cd by

using onc  calil]rator at a tilnc. IPor cacll set of zero l)oillts,  wc tabulate t,llc Slll~ distant .c

]nodulusj  I)NI,F distallc.c  ]nodu]us  aIId tllcir diflcmlcc. Using  tllc h431 bulp;c oIlly, w e  p;ct

a. lncall  difIcrcl)c.c of -–0.1 7 + 0,05 lnag, wl]icll  is colisistmlt  wit]l tllc wduc dctcrjni]]cd  l~y

~J’J’. IIowcvcr,  wc fi])d that  if wc usc  NGC 3379 as  a SOIC ca l ib ra to r ,  L1)C lncan difrcrcncc

is rcduccd  to d 0.03 3 0.05 Inag. If wc usc tlIIm calibrators  (h431, h!181 a]ld NGC; 3379) ,

t]lc  mea]) diflcrcncc  IJCCOIJ-ICS  -I 0.08 d 0.05 IIlap;. ‘J)llc  addition of NG(; 3379 as a calibrator

illdccd  sl)ifts  tJIc zero ]mil]t  in tllc direction  of INttcr colisist,cllcy  l)ctw’cell tl]c  two lnctl)ods,

l“urtllmvnorc,  it is cllcourag;illg  t,llat tl]c  a])]~licat,iol)  of NG~;  3379 as a SOIC calil)rator leads

to tl]c  IIlost collsistcllt  r e s u l t  lmtw’ccl)  two ]Ilctl)ods,  ]ml]aln  lmausc, of t]lrec mli brators,
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tlIis  galaxy is LIIC only gjant  clli])t,ical  galaxy, t,lIc saInc  ]nor])l)ological  ty])c  as target galaxies

for wllicll these distal]cc  il)dicatc)rs  arc a])])licd.

7..2.4  1),, -  u IMalion

‘1’l~is  dist,al]cc  cstilnator,  dcvclo])cd  b y  IIrcss]cr  Cf al. (

dispersion of elliptical galaxies with a pl~otomctric  ]~aramcicr

987),  corrc]at,cs

l),,,  whic}l  is the

t!hc Vclocitjy

dia.lnctcr at

w]lich Ll]e i~]tmgrat,cd  surface brig]  ltncss attains so~nc dcfillcd  value. ‘1’])c basic,  idea is that  fCJ~

a givc]I  galaxy, 1),1 is invcmc]y  proportional to tlIc  distal]  cc. ‘J ‘h is works bccausc  tlte surface

brigllt]lcss  is indcpel)dc~]t  of distance, (after corrcctilig  for K- di]nming  al]d cosmolog ica l

cflccts). III large surveys of elliptical  galaxies, tllc 1),, - 0 rclatio~l  was primari]y  used to

]ncasurc  the relative dista.~iccs  lmtwccn  clusters of .galaxics,  thus the lack of its zero point

calibration  was  not so critical. ‘J’l)crc }]avc bccl),  howcwcr,  several attempts at calibrati]lg  this

rclatioll,  including l)rcsslcr (1987)  where he used bulges of the spiral galaxies M3J and M81.

Altlloug]l  tllc corrclatiol]  lnay apply to spira]  bu]gcs,  wc Inust recall that  the bulges  l~avc  large

rotatio]la]  ve]ocitics  in addition to LIIC ra]ldom njotions  measured by u. ‘J’}Ius t}lc Cx(,c]lsjo]l

of D,, - u to tllcsc objects assumes tl]at all s])iral bulges  of a given J lulni]losiiy  ]Iavc tl]e  sa]nc

ratio of rotational velocity to velocity dis])crsio~]. l’icrcw (1 989) later calibrated the 1,- u - >;

relat ion usilig  two galaxies, NGC 3377 a]ld NGC 3379, i]] tl]c  l,CO 1 groul)  as calihra,torsj

assumi]l.g  the distallcc  of 10.0 + 1,0 hflpc obtai]]cd from the I)NI,F Inctllod  (~iardul]o,  Jacoby

& Ford  1989) calibraicd  by ~cplwids ill h431 (] ’’rcedlnall  &, h4aclorc 1 9 9 0 ) .  }]owcvcr,  as wc

kl)ow, tl]c  I’NI,l{’ method itself has all unccrtail)  zero l)oillt calibration bccausc of tllc slnal]

]IuInhcr  o f  c.alibrat,ors.  Wc I,llcrcforc  mcalibratc  tl]c 1),, - 0  rc]ation  using  tllc I)cw ‘J II{GI1

distallcc  to NGC 3379.

‘J’lIc  1),, -- a rclatioll  is written as:

log 1{, =- 1 .20ky?; (7 - lop; 1),, -1 IOg(l -1 :2) -1 ()

17

(5)



w]]crc  II? is t]lc  distance to the ta.rgct  galaxy,  altd o is its vc]ocity  dis]mrsiol].  ‘J’IIc i,]]ird tINJII

on the right- hand side rcprcscnts  tl]e  coslnologica]  corrcc.tioll  (I,yndc]]-  lIcI1 et al. 1988).  ‘J’IIc

1),, – a dista]cc  ItC is rc]almd to tlIc  LYUC distallcc  1/ via a Malmquist  corrcct,ioll  rclatiml:

It= ltCcxp[3.Li(0.21  )’/AT] (G)

WIICTC  0.21 is tlIc dispersion in tlIc  1),, — o relation (ill u:lits  of III 1),, ) allcl N is tl]c  number of

galaxies in a group. For  the IJco 1 groupl  t]lcrc arc two galaxies wit,]] IJ,, – o mcasurcnncnk,

NGC 3377 and NGC 3379.  Subst i tut ing 10F; 1),, =: 1.24 and log rs Z- 2.303 for NGC 3379

(Ikbcr  ci al. 1989), wc obtai,,  the zero ~,oint  of C . 5.50.  ‘J’llis  result will bc a~)l)liccl  LC1OW

to estimate t,lIc value of IIubb]c constant.

‘7 .3  Vi rgo  -  Coma d i s t ance

onc approach which circumvc]lts  ullccrtailltics  in the Virgo vc]ocity  duc to l)cculiar

lnot,iolls,  is to dctcrlni]]c  }10 at the clista]lc.c  of tJIC Coma c]ustcr,  (cwcn via Virgo),  usins; the

know]cdgc  of tl]c  relative  dis tances bctwccII  I,co,  Virgo aIld Coma. ‘1’hcsc distallcc ratios

arc WC]] dctcrmincd  from various sccolldary  - dista]lcc  il]dicators  SUCII as the S1]1{’,  l’h’1,1’ and

1),, - 0 (c.j., dc Vaucoulcurs  1993).

Wc ]jrocccd  as follows: I’irst,  the distance ratio of the Virgo c]ustcr and 1 ,CO Groul)

is ohtaincd  by calculate]].g a mcaII  value of distal]ccs obtail]cd  l>y S1ll{’, l) NI)II’ and 1~,, -

a relations using tlIc  zero poillt,s derived in tl~c above scctiolls. F o r  tllc! l’Nl,l~  II”lcthod,

observations for three galaxies in I,CO 1 and five gala.xics in \~irgo arc avail  ab]c,  l“or S1 III’, tJIrcc

galaxies ill the I,CO 1 group liavc ol~scrvatiolls  and twelve galaxies ill Virgo l]avc  fluctuation]

l~l(:aslllclllcl]ts  (’J’oIIry, Ajllar & l,uppi]]o  1 9 9 0 ) . A l l  tlIc llcc.cssary  data fo r  1~,, - 0 arc

]Ircscntcd  in ]{’abcr ci al. (1 989); for ],CO al]d V i r g o ,  two  wld  sixtccll  ga]axics,  rcs])cctivcly,

arc available. ‘J’IIc rcsulk arc shown in ‘1’al)lc  3. ‘J’hc tltrcc  IIIctlIods, S1ll),  l) Nl,lr and 1~,, - 0 ,

rcs]mctivc]y  give ~~(Virg;o  - Imo 1) : O.Mi d 0.17,0.84 :1 0,14 aIId 1.03 ci 0,16 II Iag; .



N e x t ,  W C  Sk!])  flOIIl Virgo  to t]IC (:oma C.]ustcr. Unfol’tunatcly,  tl)crc arc ])1’csclltly  110

S111” or I’NI,F d i s t ances  to  Con- I s ;  so  wc  ]nust  rc]y  total ly  o~] tl)e  I),,  - 0 rclatioll.  ‘J’l]c

diflcrc])cc  iII disia)cc lnodu]i  bctwccl)  Co)na  aIIcl Virgo is j~(~o]na)-  I{(\~irgo) =- 3.71 :1 0 .10

]nag (dc Va.ucmlcurs  1993) .  ltcc.cnt]y,  l)owcvcr,  i t  was  rc])ortcd  that  tllc ~oma cluster  is

likely to consist of suhclustcrs: tlIc lnaill cluster ccnkd 011 NG~ 4374 at cz =- -I 6,853 kl]]

s “ and a subclustcr  ccntcrcd  on NG~ 4839 at cz == + 7,339 km S--l (COIICSS  & IIUIIII  1995).

‘J)his  suggcst,s  that  distances to coma ol~tai])cd by various ]nctlloc]s  could bc afl’Cctcd  by a

systematic cI’ror, if t}losc  sam]j]cs  illcludcd  a substal]tia]  nulnbcr  of galaxies i]] the subclustcl

rcp;ion around  NGC 4839 .  Wc m allalyzccl  tllc 1),, - a data of  l“abcr  rl al, (1 989: 1“89) ill

order to inspect if the subclustcri]lg  aflccts tllc ]ncasurc]llc]ll-  of ~o]na distallc.c  sigllificalltly.

‘J’l]c  Colna data in 1“89 is coln])rised  of 33 elliptical galaxies, 27 of wl]ich arc! located within

tllc mail]  cluster defined by Collcss  & l)unr). ‘J’l]c  mCaII distance II]odu]us  of all 33 galaxies

is 34.88 ]nag, whi]c  that of central 27 galaxies is 34.91 ]nag.  l“urtllcr]norc,  it is ]Iotcd  that

3 galaxies ill t}lc lnail)  cluster l)avc 1),, - u disi,allccs  larger t}lall + 12,000 k]n s- ]. If thcm

galaxies arc cxcludcd  froln  the sa)np]c,  tllml tllc  rclnaillil)g  24 galaxies g;ivc tllc ]ncan  velocity

of -{ 7,195 km S - ’ . Altlloug]l  tl)c  three supposedly ‘]~ackgroulld’  galaxi(!s  llavc  significantly

large distances,  colnparcd  to t,llc ]ncan, givcll that their rcdsl)ifts  do coiucidc with that  of

the ~olna  cluster, they arc probably dyllalnically  a s soc ia t ed  wit]] tl)c  ]nain  c]ustcr.  ‘1’lic

l),, – u distalicc modu lus  o f  Virgo  d(!tcrlnil]cd  by using cquat,ion  (5) is 31.21 lnag;.  ‘1’lIc

difrcrcllcc  in distance modu]i  of tllc two clusters is tllc]l 3.70 :1 0.13 msg. ‘J’hc S1]1”, l’NTljlr

and 1~,, -- u distal)  cc! IIlodul I o f  C o m a  arc tllcrcforc }II,CO -1 dpvirgc)-l,CO + ~/lC:m,L~ - I’irgo ‘

34.95 ~- 0.26, 34.83 + 0.24 and 35.06 d 0.25 lllag,  rcs])cctivc]y. ‘.l’hcy correspond to lil]car

distal  ]c.cs  of 983-13, 935.11 and 1033  13 hfll)c. ‘JIIIC radial  velocity of tllc ]nain  ~oll)a cluster

is -{ 6,853 4. 100 kln s-” ]. As sulnlnarizcd  ill ‘J’able 1, tlIc  WIUCS of IIubl)lc  co]lstani  derived

hy the tl]rcc Inctllods  arc tl)cll 70 d 9, 74 i 9 a]id 67 ~ 8 liIII s-1 hfll)c- 1.
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7 . 4  IJco I  -  C o m a  lklat,ivc  IIistance

Yet al]otl]cr  apl)rcmcll is to stcl)  direct] y f’rOII-I t,lIc 1 NO 1 group to Colna, dccmasillg tl]c

IIulnlmr  of stc])s.  l’;xal])inillg  l),, -- 0 distal]ccs  to tl]c  ljco 1 Gmul) ZIIId Glija ill }“89, tlIc dircd

distallcc ratio is /i(Colna)-/i(1,co 1) =-- 4.73 + 0.13 Inag,  wllicll  is well wit})i]]  tlIc  error of tlIc

value wc obtained in the previous sect, ion. ‘1’liis ])uts  the ~olna cluster at ~1 =- 35.02 + 0.19

lnag. ‘J’lJc error ill this case (stcp~)ing  dircct]y  frolll I,CO 1 to Colna)  is s]nallcr  as cxpcctcd,

but ]Iot sigllificalltly.  ‘1’hc }Iubblc  coIIsta]It  clct(!rlnill(!cl  by way of stcl)])ilg  d i r ec t ly  out to

tl)c  Co]na cluster froln  I,CO 1 is 68 + 7 k]]) s- 1 hl])c-’.

‘1’llis  Sccol)d  rouic  of lncasuri]lg  110  is Inorc acxuratc,  g iven tl]at  fewer  ])aramckrs  e n t e r

into  this cxcrcisc, Still, the IIubblc  constant d e r i v e d  by tltc four sc])aratc  lnctllods  agree

with cacll otl)cr cxtrcmcly  WC] ] . ‘J’akillg  tllcir lncall  value,  wc find 110 u 703 10 kln s- 1

Mpc-  1. A s  a poil)t  of com])arisoll  w c  JIotc t]ia.t ‘1’al)vir d al. (1 995) obtaillcd 110 = 693 8

km S- 1 Mpc-l usil]g  tl)c  Ccl)llcid  obscrvatio])s  of NGC 3368 i~l LIIC I,CO 1 group.

III ‘J’able 2, wc list all systc~na,tic  and ral)dom errors. ‘J’hc dominant  terms arc tllc randoln

mom ill lncasurin,g  tl)c  positiol)  of tl)c  ‘J’I{GI1 al]d in tllc ratio  of distauccs to the clusters .

Also systematic errors in tl)c  calibration of tl)c  ‘J’I{GII ]nctlJod  al~cl t]iosc  ill tl]c  distancc~

to Galactic .gIolmlar  clusters ar(! sigllificallt.  WC cspccial]y focus 0]] the uncertainties in tllc

‘1’ILGI] calibration arising from its uncertain  ZCIW ])oil)t  ill tllc IIigllcr mctal]icity  raIIgc.  l;vclI

if t]lC IllCtal]jCjty  Of  thC NGC 3379  ]la]O tUJ’llS OU~ ~0 k IIIUC]I ]ljg]lC1’  t]liiIl t]lC W1l IC ZidO])~C(]

hcm a]ld tl)c  Mal)kctilg  effect LCCOIJICS 11011- ncg]igc}]t,  wc llotc that this would  lna.kc tllc tip

magnitude failltcr. Co]lscqucnt]y,  tl]c  dista]lcc  Inodulus  of NGC 3379 would dccrcasc,  whicl]

ill turl~ would raise tl]c  value of 11.. ‘J’l)crcforc, tllc IIubblc  constant  dctcrmincd  ill this ]mpcr

rc])rcsc])ts  a lower 1 im it.
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8 ])iscussion  and C o n c l u s i o n s

l]]dividua]  s t a r s  at t,l)c tip of tl)c  l’opulatio]l  11 rcd  g;iant  branch  h a v e  km dctcctcd  ;U

tl)c  giant  cllipl,ica]  galaxy  N(2C 3379. ldcmtifying  the al]rul)t discontinuity of the apparclli

]umillosity  fullctioll  at 1 == 26 .29  4 0.10 ]mg wit]]  tl]c  ‘1’lW1l at h41 = –4.0 )nag  gives a

distance of 11.4 4- 0.8 Mpc to NGC 3379. ltxtrapolatil]g  I,IIC I,CO  1 distaucc  to Coma, usinp;

a WC]]-  dctcmniucd  distance  ratio  of two grou]m frol]] 1),, — a studies, wc lncasurc tllc 110 at

the dist,aucc  of Coma, to Lc 704.11 km s ‘1 h41)c-]. ‘1’l)is is tllc ]nost distal)t  a]~])licatioll o f

LIIC ‘J’IWII ]ncihod  to date, aud is fully consistent wit]] the Ccpl]cid- based distance to this

group  as also rccc]ltly dctcr]ni]lcd  by 11 S’1’. II] 11’ig;urc 4, the com]mrisoll  of distances derived

by Ccphcid  1)1, relation and ‘J’lW1) method is SI1OWN,  furt,l]cr  clc]nonstratil]g  the ac.curac.y  of

the ‘J’1{.GII  lncthod  as a distaucc iudicator.

Wc must  not, however, bc overly  optimistic. At very  liigll lnctallicitim  the calibration

of the ‘I’l K;ll is IIot yet W C]] cstablisllcd;  but all effort to obtail) a more prccisc  calibration

is currcl)tly  bcin.g uudcrtakcn  by us. Also, even though wc arc fortuuate  in the ca.sc of NGC

3379 to IIavc cncoulltcrcd  a relatively small populatio]l  of illtcmncdia,  tc- agc  AGII stars, t}lis

could pose a problc]n  iu soIr]c galaxies W1)C]I measuring tllc ‘J’l Kill position usi])g tllc 1 --band

lulnillosity  fuuction.  Noncthc]css  this ]~a])cr gives auotllcr  solid cxaln])lc of lIOW ])owcrful  and

])romising  the ‘1’l{,GII  lnct}lod  ca)l Lc as a distallcc indicator aud demonstrates its versatile

a])plical)ility  to various types of galaxies.

Wc tl]a]]k  l)r. l’ctcr Stctso]l  for ]wovidi]lg us wit]]  W14’1’C2 vigl]ctting  n]asks.  ‘1’l]is  ]~apcr

]nadc usc of the NASA/11’AC  Extragalactic  l)atabasc (Nit]))  which is operated by the Jet

l’ro]mlsion  laboratory,  Califorl]ia l]lstitutc  of ‘J’cclluo]ogy, ulldcr  cmltract with tlic Natio]]i~l

Acrol)autics  al~d Space Adlr]iliistratioll. III”M w a s  sup]) orlcd in ])art by Nltll  and ~y J]’],.

Wl,]$  was supported i]) part by NS1~ graut AS’]’  91-16496.
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4

l“igurc C a p t i o n s

l“igure  1: l u m i n o s i t y  ful]c.tions  and  tllcir cc)llcs])oll(lillg  edge dctcdicnl  rcs]mIIsc

ful)ctiolls. A  l i n e  rc])rcsclltillg  a S1O]X: of 0.6 dcx/Inap;  is ovcrplottcd  o]) tl]c  logaritlllnic

luminosity fu]ictio~]. ‘J’l]c rcspm]sc fu]]ctiol]  col]cs])c)]]cli]]:;  to tll IC logaritll]nic  lu]ninosity

func.tie]) was wcigl]tcd by square root of tllc IUIII i nosity fu]lctio]].

Figure 2 : Alrclagccclgc ~]ct,ec,t,i[)l)  ICS1)O1lSC, ]lls~o:;la]lj Of  ~(j(l jl,a-a{,jo])s (SCC {~~tfo]’

details). All ‘signals’ lmlow 1 =- 26.0 lrla.g arc very lili~l~  noise, making tllc ‘J’I{G1l  dctcctioll

J norc  pro] nil]cnt.

l“igum 3: A rougl)  skctc]] sllowillg  tl~c gco]llctry of 1 ma] (;1ouI),  1 m 1 GIOUI) al)d

Vjrgo  c]ustcr  uscxl  jn our sim])lc  Virgoc.clltric  ill fall Inodcl.

Y’igure  4 : Compariscnl of  clistallccs obtail]cxl I)y tl)c ‘1’1{(;1] ]l]ctliocl a n d  Oq)llcid 1’1,

rdatio]).
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Table 1
HubbIe  Constant

lMethod Jp (Virgo - Leo) dp (Coma - L e o )a p (Coma)’ H. + random + systematic
(1) Steming  from Leo I to  Coma via Virgo
SBF ‘ ‘ 0.96 + 0.17 4.66 & 0.21 34.95 & 0.22 70 &8&.5
PNLF 0.s4  + 0.14 4..54 + 0.19 34.83 k 0.22 74&8&6
D., – o 1.03 ~ 0.16 4.73 & 0.21 35.06 & 0.23 67&~&.j

(’2) ~~epping from Leo I to Coma directly: 4.73 + ().13 3.5.02 & 0.17 68 & 655

~3~ Virgocentric  infall model fro Leo I:\’ ) ~3&S-&,j

‘ Adopted Jp(Coma  - Virgo) = 3.70 + 0.13 from Dn – LT.
b Only the random errors are included here. The systematic error is +0.15 msg.



‘J’al-llc 2

=. . .. . .
Soulcc! ltrror  (Inafg)

‘-i{mdoll”]  l’;rrors:
Galactic. extinction d 0.02

‘J’ip  hlmsurc]ncni :[”0.10
l,CO ~o]na l)ista]]cc ]Latio (1~,1 - -  0)” 30.13

Velocity  of Coma (100 k]n s-] ) :10.02

‘1’otal  l{andom Uncertainty 4.0.17

LsysicIllatic, ]jr~ors:

RR l,yrac l)istancw Scale Z e r o  }’oi]!t 30.10

‘1’llGl]  ~alibratio]l (h!ctallicity) :10.10

l’lloto]ndric  zero poini  (M71’’l’~ 2) 30.04
~

“ WC arc o])ly snowing t,}lc error comx]JondilIg
to the c.asc (2) ill ‘J’able 1 as all cxaIII])lc  IIcrc.
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